Monodisperse aqueous microspheres containing high concentrations of L-ascorbic acid with 24 different concentrations of sodium alginate (Na-ALG) and magnesium sulfate (MgSO4) were 25 prepared by using microchannel emulsification (MCE). The continuous phase was water-26 saturated decane containing a 5% (w/w) hydrophobic emulsifier. The flow rate of the continuous 27 phase was maintained at 10 mL h -1 , whereas the pressure applied to the disperse phase was 28 varied between 3 and 25 kPa. The disperse phase optimized for successfully generating aqueous 29 microspheres included 2% (w/w) Na-ALG and 1% (w/w) MgSO4. At a higher MgSO4 30 concentration, the generated microspheres resulted in coalescence and subsequent bursting. At a 31 lower MgSO4 concentration, unstable and polydisperse microspheres were obtained. The 32 aqueous microspheres generated from the MCs under optimized conditions had a mean particle 33 diameter (dav) of 14 to 16 µm and a coefficient of variation (CV) of less than 8% at the disperse 34 phase pressures of 5 to 15 kPa. 35 36 sodium alginate, magnesium sulfate 37 38 39 40 41 42 43 44 45
Introduction
depicts a simplified schematic diagram of the experiment setup used for MCE. A 134 hydrophobized silicon MC array plate is tightly attached to a hydrophobized glass plate in the 135 emulsification module initially filled with the continuous phase. A syringe pump (Model 11, 136 Harvard Apparatus, Inc., Holliston, USA) was used to supply the continuous phase. The heating 137 system provides temperature-controlled water circulation inside the module and outside the 138 reservoir. A microscope video system was used to monitor and record droplet formation by MCE 139 (Kobayashi et al., 2009) . Fig. 1b and c depict a dead-end silicon MC array plate (Model MS407, 140 EP Tech., Co. Ltd., Hitachi, Japan) consisting of 400MCs fabricated on four MC arrays. Each 141 channel has terraces outside its inlet and outlet, and wells are fabricated outside the terraces.
142
Channel and terrace dimensions are presented in Fig. 1(d) , except for channel and terrace depth 143 (7 m). 144 The glass and silicon MC array plates were treated with LS-7150 to make their surfaces 145 hydrophobic, so that they became suitable for preparing aqueous liquid microspheres in the 146 continuous oil phase. This hydrophobic treatment was performed using slight modification of the 147 procedure by Kawakatsu et al. (2001a) . Briefly, these plates were surface-oxidized in a plasma 148 reactor (PR500, Yamato Scientific Co., Ltd., Tokyo, Japan) for 15 min. The plates were then 149 dipped in LS-7150 for the MC array plate or in a mixture of LS-7150 (20% (w/w)) and hexane 150 (80% (w/w)) for the glass plate for two nights at room temperature. Finally, the unreacted 151 materials were washed away.
152
Emulsification Procedure 153 Na-ALG solutions at different concentrations of 0.5 to 4.0% (w/w) were prepared by dissolving 154 Na-ALG powder in Milli-Q water for at least 2 h with constant stirring using a magnetic stirrer at 155 room temperature. The solutions at 4±1 o C were stored overnight to ensure complete hydration.
156
They were then maintained at 45±1 o C prior to MCE. The disperse aqueous phase used for MCE 157 contains 0.5 to 4.0% (w/w) Na-ALG, 0 to 2% (w/w) MgSO4, and 5 to 30% (w/w) L-ascorbic 158 acid. The continuous phase is a solution of water-saturated decane containing 5% (w/w) Span 85 159 or TGCR. To prevent water diffusion from the surface of Na-ALG droplets, decane was pre-160 treated prior to preparing the continuous phase. Decane was saturated with water by mixing at a 161 volume ratio of 9:1 (decane:water) for 30 min, after which they were separated by centrifugation 162 at 1500 × g for 15 min using a table centrifuge (KN-70, Kubota Co., Tokyo, Japan). The decane 163 supernatant part was used as the continuous phase (Sugiura et al., 2008) .
164
The disperse phase in a reservoir was introduced into a module filled with the continuous 165 phase by applying pressure using a pumping device (Fig. 1a ). The module temperature was kept After the MCE experiments, the MC array plate was cleaned using an ultrasonic bath 172 (VS-100III, As One Co., Osaka, Japan) at a frequency of 45 kHz in the following sequence: the 173 MC plate was cleaned in Milli-Q water for the first 20 min followed by Milli-Q water containing 174 a non-ionic detergent for another 20 min, Milli-Q water containing ethanol (1:1 v/v proportion) 175 for the next 20 min, and another round of cleaning with Milli-Q water for the final 20 min. The 176 cleaned MC array plate was left to dry in an oven at 60 o C and subsequently stored in air at room 177 temperature until the next use.
Determination of particle size and distribution 179
The particle diameter of the microspheres was determined by measuring the diameter of the 180 captured images of over 200 particles using image-processing software (Winroof, Mitani Co., 181 Fukui, Japan). The CV was calculated using the following equation:
183 where σ is the standard deviation and dav is the average particle diameter.
184

Determination of viscosity and interfacial tension 185
The viscosities of the dispersed and continuous phases were measured using a vibrational the module at 15 kPa, while the flow rate of the continuous phase was set at 10 to 15 mL h -1 .
208
Stable microspheres were generated using the MC array at a MgSO4 concentration of 1% (w/w).
209
The generated microspheres detached smoothly from the MC arrays and had a dav of 15.5 µm 210 and a CV of 5.0%, demonstrating their monodispersity ( Figs. 2a and The dav of microspheres containing 2% (w/w) MgSO4 increased to 21 µm with a CV of 16%.
218
The disperse phase osmotic pressure (d) for the two-phase systems used in this section 219 can be calculated using the van't Hoff equation (Strathmann, 1990) : The aqueous microspheres generated without adding MgSO4 exhibited coalescence just 236 after formation, and there in situ stability was quite low. In contrast, the in situ stability of 237 microspheres generated in the presence of 0.5 to 1% (w/w) MgSO4 was very high. The generated 238 microspheres remained stable for more than 2 h without any coalescence. It has been reported 239 that microgel particles containing ionizable groups become deswollen in an aqueous phase were observed at a Na-ALG concentration of 4% (w/w). At a low Na-ALG concentration of 257 0.5% (w/w), a relatively broader particle size distribution occurred with a dav of 20 µm and a CV 258 of 12% (Fig. 3b) . The optimum condition for successful microsphere production was 2% (w/w) 259 Na-ALG, since a narrow size distribution was observed with a dav of 15 µm and the smallest CV 260 of 5% at this Na-ALG concentration (Fig. 3b ). As presented in Table 1 MCs made microspheres in the whole MC array plate. The viscosity of the disperse phase containing Na-ALG increased in the presence of MgSO4 (Table 1) , which plays a key role in the 265 stability of microspheres as well as in microsphere generation.
266
ALG microspheres have traditionally been produced by extruding Na-ALG solution from 267 a needle into a divalent cationic solution (Poncelet et al., 1992; Kuo and Ma, 2001) . These 268 cationic solutions then induce gelation in microspheres. Gelling depends on ion binding (Ca 2+ < 269 Zn 2+ < Sr 2+ < Ba 2+ ). Mg 2+ salt is also divalent but does not completely gelatinize the solution. This 270 soft gel-like structure could modify the structure of ALG, as indicated by reduction of the 271 viscosity of the disperse phase in the presence of MgSO4 (Table 1) . Furthermore, this soft gel-272 like structure creates weak linkage of Mg +2 ions with the ALG structure ( Fig. 4) , giving 273 microspheres better stability. Improved stability in the presence of MgSO4 was observed in our 274 study.
275
Factors controlling microsphere production include the MC geometry, the composition 276 of two liquid phases, and the type of emulsifiers (Tong et al., 2000; Saito et al., 2005) . The 277 viscosity ratio of the dispersed phase to the continuous phase was indicated as an important 278 factor affecting the size of emulsion droplets generated by MCE (Kawakatsu et al., 2001b) . In 279 our study, the viscosity of the disperse phase containing Na-ALG increased with increased Na-280 ALG concentration, while interfacial tension remained almost unchanged at the Na-ALG 281 concentrations applied (Table 1) . In our study, dav decreased with increasing Na-ALG 282 concentrations (0.5 to 2% (w/w)) and increased with increasing Na-ALG concentrations (2 to 5% 283 (w/w)). These results at higher Na-ALG concentrations deviate from the previous study of Chuah Table 1 . Viscosity and interfacial tension data for the liquid phases used for this study. Table 1 concentration
